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Abstract 
The new challenge in the reduction of CO2 emissions by heavy duty trucks is leading to a technological evolution in powertrain 
efficiency. 
Towards this objective, the EU has funded in the frame of the 7th framework program the project GASTONE: a collaborative 
project between several private and public companies and institutions: CRF, FTP, Continental, GENTHERM, MAGNA and 
U. Politécnica de Valencia, targeting the development of a new powertrain concept based on the integration of electric 
generation, energy recovery and storage with engine system and control strategies.  
The main features of this CNG engine concept are:  
x The energy recovery from the exhaust gases heat with a cascade approach thanks to the adoption of an advanced 
thermoelectric generator and a turbo-generator.  
x The integration of a smart kinetic energy recovery system to substitute the alternator with a smarter electrical machine.  
x The electrification of the main auxiliaries (coolant and oil pumps, auxiliary e-supercharger and air conditioning compressor).  
The electrification process is supported by an improvement of the performance of the CNG engine (the actual average value is 
about 38%): this number is expected to rise by 4% thanks to the engine control strategy improvement, by 1% due to the 
introduction of the water charge air cooler, by 2% from the reduction of the belt drive and gear losses, by 1% from the system 
strategy and management optimization and by 7% from the exhaust heat recovery (thermo-electric generator plus turbo-
-generator).  
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E-mail address: alex.rinaldi@crf.it 
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This paper presents the details of the new powertrain concept design, the simulation tool developed to support the design and 
optimize the system and a cost per function tool to perform an economic analysis in the hypothesis to introduce the system in the 
market. 
The obtained benefits are expressed in terms of fuel saving for a target real driving cycle and effects related to the new devices 
are developed and tested. 
The project is in the design phase and the paper collects a first estimation of results based on the design, strategy and control 
improvement. 
 
© 2016The Authors. Published by Elsevier B.V.. 
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1. New powertrain concept design 
The aim of the GASTONE project is to develop an innovative high efficient energy conversion concept for heavy 
duty engine and trucks focused on the integration of energy recovery devices, energy storage and engine auxiliaries’ 
electrification on the example of a Natural Gas heavy duty engine. 
This project is part of the 7th Framework Program, it is started in October 2013; the duration is 42 months. 
The energy efficiency strategy will be based on three mainstreams: 
x recovery of a portion of the kinetic energy thanks to the adoption of a belt driven generator 
x recovery of the waste heat with an energy cascading approach: thermoelectric generator operating at high 
temperature and subsequent turbo-generator 
x re-use of the gained electric energy within an advanced board net architecture of e-auxiliaries and e storage. 
The engine control strategies will be tuned and optimized to maximize the efficiency of the energy recovery and 
re-use subsystems and to take the maximum benefit from the auxiliaries’ electrification and their consequent higher 
controllability level. 
Finally, the combination of the electric auxiliary turbocharger and the adoption of a liquid cooled charge air 
cooler will be implemented as part of the whole strategy to optimize the engine efficiency. 
 
Nomenclature 
CNG Compressed Natural Gas  
TEG Thermo Electric Generator 
TBG Turbo Generator also refers to the Turbo Compound (heat recovery turbine) 
WCAC Water Charge Air Cooler 
KER Smart Generator (Kinetic Energy Recovery Smart Generator) 
LTR Low Temperature Radiator 
HTR High Temperature Radiator 
ACEA Association des Constructeurs Européen d’Automobiles 
WHTC World Harmonized Transient Cycle 
WHSC World Harmonized Steady Cycle 
TWC Three Way Catalyst 
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1.1. Reference vehicle 
The reference vehicle is an IVECO STRALIS CNG MY2014 (as showed in Fig. 1) with Cursor8 CNG Euro VI 
engine of actual production; listed below the specifications: 
x Model:    AT440S33T/P CNG 
x Vehicle:   Tractor 4x2 Artic (UG4T) 
x Cabin:   AT 
x Weight:   44 tons 
x Gear box   mechanical ZF (16 speed) 
x Mission:   road (Long haulage deliveries) 
x Engine:   Cursor8 L6 CNG Euro VI 
x Power and Torque:  243kW – 330 HP – 1.300 Nm 
x Differential gear ratio:  1:3.7 (default Euro VI) 
x Wheel (default Euro VI): 295/80R22.5 
 
 
Fig. 1. Reference vehicle. 
1.2. GASTONE devices and first layout hypothesis 
The whole system will implement the following devices as in the showed simplified layout (Fig. 2): 
x Electric compressor     1 
x Heat recovery turbine (TBG)    2 
x Smart generator kinetic energy recovery   3 
x Radiator (for low and high temperature coolant loops) 4 
x Water charge air cooler (WCAC)   5 
x Electric pump      6 
x Thermoelectric Generator (TEG)   7 
In the scheme there are not represented the devices dedicated to store the electric output and to interface the 
different voltage levels board nets: 
x The DC/DC converters, these will interface the different generators to the 24V vehicle board net and manage the 
different outputs; 
x The 48Volts battery package, this battery package will not substitute the normal production 24V package, but it 
will be implemented in order to store the electrical power output surplus. 
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Fig. 2. GASTONE simplified layout. 
1.3. Test Methodology and system performance evaluation 
The test methodology defined will investigate and evaluate the performance of any single component and of the 
whole system under every parameter and aspect listed before. 
The guide line is structured as follows: 
x BASELINE CHARACTERIZATION (reference set) 
x SINGLE COMPONENT CHARACTERIZATION ○ SIMULATIONS ○ PHISICAL TESTS RIG 
x WHOLE SYSTEM PERFORMANCE EVALUATION ○ SIMULATIONS 
– ENGINE (BENCH TEST SIMULATION) 
– VEHICLE (ACEA Long haul driving cycle) ○ PHISICAL TEST RIG 
– ENGINE BENCH TEST  
x DIRECT COMPARISON OF THE RESULTS 
Every single device will be characterized, modelled and validated through dedicated bench tests. 
The overall achievable performance will be evaluated taking into account both the results from the engine bench 
test and simulations of the whole vehicle with all the devices installed (previously characterized and converted into 
a virtual model implemented in the Matlab/Simulink model developed as deliverable of the project). 
2. Simulation tool 
The philosophy behind the development of the model (in Matlab/Simulink environment) has been to create 
a global platform which allows the integration of new components or the substitution of existing ones evaluating the 
real system performance in each stage of the project. 
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2.1. Engine map fitting 
The engine has been modeled based on correlations from experimental data; two variables have been considered 
as independent input variables: the engine speed input and the engine torque and from them all the necessary outputs 
to characterize part of the model have been correlated. 
All the data listed in the below table 1 allow the prediction of the behavior of the vehicle. 
Table 1. Model outputs. 
Parameter/Variable Abbreviation Parameter/Variable Abbreviation 
Fuel mass flow rate mf Heat losses to ambient Qamb 
Air mass flow rate ma High temperature radiator heat exchange Qrad 
Total engine power Qf Water mass flow rate mwhr 
Mechanical power Pm Heat removed by the air cooler QWCAC 
Heat losses to exhaust gas Qgas Outlet gas temperature T6 
 
The TEG and the turbine are supposed to be placed after the TWC, which can increase the back-pressure at the 
engine outlet thus will modify the global performance. 
This effect has been evaluated assuming that the exhaust gas temperature and pressure will change – according to 
the thermodynamic cycle (Fig. 3) – with a direct effect on the engine torque (equation 1) and its new correlation 
(equation 2); the parameters involved are detailed in table 2. 
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Fig. 3. P, V diagram representing the changes in the backpressure. 
Table 2. Model parameters – engine behavior. 
Parameter/Variable Abbreviation 
Engine torque Me / M’e 
Engine displacement Vd 
Mean effective pressure pme 
Engine torque variation as function of the pressure variation DMDPe 
Correlation function ∅ 
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2.2. Low temperature water loop 
As first approximation, it has been considered that the low temperature water loop includes the elements shown 
in Fig. 4. 
 
 
Fig. 4. Low temperature water loop layout hypothesis. 
2.3. WCAC – Water Charge Air Cooler 
The WCAC coolant outlet temperature is obtained from the energy balance in the equation 3: 
 12,,2, wwwpLTRwWCACwWCAC TTcmQdt
dT
C  J  (3) 
It is assumed that the exchanger will be capable to remove the necessary heat from the gas (QWCAC) in order to 
maintain its outlet temperature to 40ºC; the thermal capacitance (CWCAC) is assumed equal to 7,2*10^4 J/K and the 
initial temperature at the pump outlet is set to 302 K. 
2.4. TEG – Thermo Electric Generator 
In order to obtain the electrical power output, the employed methodology will assume that the produced power 
will be much lower than the heat transfer between the hot and the cold side. 
The result of the correlation between the power and exhausted gas heat (R2 = 0.9988) is reported in Fig. 5: 
 
 
Fig. 5. Experimental and correlated data for TEG. 
Once modeled the single thermoelectric module, the obtained results have been extended to the whole generator. 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0
10
20
30
40
50  Experimental
 Correlated
TE
G
 E
le
ct
ric
 P
ow
er
 (W
)
Q_hg(kW)
1067 Alex Rinaldi et al. /  Transportation Research Procedia  14 ( 2016 )  1061 – 1070 
Finally, the energy balance of the TEG module system is provided using the heat equation (4) for a non-steady 
state; the parameters involved are listed in table 3. 
)()()()( 7613 TTcmTTcmTTcmTTcmdt
dTC phghgwwpwwhgouthginphghgwinwoutpwww    (4) 
Table 3. Model parameters – TEG. 
Parameter/Variable Abbreviation Parameter/Variable Abbreviation 
Coolant heat capacitance Cw Hot gasses mass flow rate mhg 
Coolant mass flow rate mw Hot gasses specific heat cphg 
Coolant specific heat cpw Hot gasses temperature “in” and “out” Thgin / Thgout 
Coolant temperature “in” and “out” Twin / Twout - - 
2.5. TBG – Turbo Generator 
The turbine expansion ratio (βt) and efficiency (ηt) are calculated form the gas mass flow rate (mg) with the 
following relationship reported in equations 5 and 6. 
32
7
8 48.9331.15839.11 gggt mmmp
p   E  (5) 
29702.033614.0105626.9102572.4 12233   tttt EEEK  (6) 
In Fig. 6 it is showed the turbine expansion ratio as function of the exhaust mass flow (a), and the efficiency as 
function of the expansion ratio. 
 
(a) (b) 
Fig. 6. Turbine expansion ratio (a) and turbine efficiency (b). 
2.6. Electrical parts 
The electrical part of the model is spitted into two parts: generation and consumption. 
As first assumption the general energy manages strategy will considerthat the energy balance should be zero. 
The generators of the GASTONE vehicle are the TEG, the TBG and the KER system; in particular the smart 
generator behavior can be analyzed and simulated in two different working conditions: 
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x Activated only in the deceleration zones of the cycle in which energy can be recovered without increasing the 
fuel consumption. 
x Activated in intervals of 100 seconds. 
Regarding the energy consumption of the reference vehicle, this is composed by all the accessories of the normal 
production vehicle plus all the electrified auxiliaries (users) that will be integrated in the whole system. 
3. Cost per function tool 
The cost quantification of the GASTONE system is one of the key elements for its comparison with the systems 
available on the Heavy Duty Vehicles’ market. It is expected that the overall cost difference between the baseline 
and the GASTONE concept will differ in percentage, and in particular it is expected to be higher. 
The perimeter of the system impact on the vehicle is quite large so to include several performances (heat 
rejection, fuel economy, engine behavior...); so it has been decided to adopt a cost per function and performance 
approach, which should be able to: 
x compare the cost change associating it to each affected vehicle function and performance; 
x determine the additional cost or saving associated to the improved or affected vehicle performance. 
3.1. Assumptions 
In order to insure the coherency of cost estimates between the partners and to have a common baseline, the 
following approach was proposed and summarized in a list of assumptions that has been the base in order to define 
the cost imputation and evaluation criteria. 
x The given costs are the ones paid by the car manufacturers which means prices for the suppliers, no actualization 
will be applied; 
x The reference system will be the equivalent of the system adopted on the baseline vehicle; 
x The first system cost estimation (without sizing) will be based on 2014 state of the art developments, all 
components being considered separately; 
x Along the project, the cost ranges are affected by variations and will be reviewed together with the reference 
(baseline) system and in coherence with the project advances; 
x Production volume assumption is based on the actual production declared by FPT/IVECO. 
3.2. Cost estimation 
 
Fig. 7. Cost per function tool. 
According to the previous assumption, both Baseline and GASTONE systems’ costs have been weighted 
referring to the results of a specific performance. In Fig. 7 it is showed the developed tool used to compare the two 
systems; in particular it is possible to identify the comparison between: the single systems’ costs and performances. 
Baseline GASTONE GASTONE GASTONE
NP Costs Prototype Estimation Weight (-) COST (€)
Electrical Performances 1100 6500 3,5 1857
Mechanical Performances 3300 13000 2,0 6500
Fuel Economy 400 1300 1,4 929
Other Performances 1400 2400 0,7 1680
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In particular, an accurate cost comparison has to be weighted, this weight (wg – equation 7) is defined as the 
increase of the performance (GASTONEresults) compared to the normal production (NPresults) system: the impact on 
the higher final cost will be so balanced by the expected better performance. 
results
results
NP
GASTONE
wg  
  (7) 
4. Preliminary simulation results 
All the mentioned systems have been integrated in a global model implemented in Simulink. The model allows 
the estimation of all the important system variables like temperatures, mass flows, pressure drops, fuel consumption 
and energy consumption/production in each part of the vehicle. 
There will be two basic objectives: 
x Sizing of the different components of the circuit and definition of the most proper configuration. 
x Comparison of the fuel consumption of the GASTONE vehicle versus the reference one, on the ACEA long haul 
driving cycle. 
While the sizing of the system is performed at a nominal point, the results of the two points above listed will 
define the best fuel saving strategy for the system in both steady and transient conditions. 
Assuming an energy demand for the different belt driven components according to the table 4 and considering an 
energy efficiency conversion coefficient the new system can be analyzed. 
     Table 4. Preliminary estimation of the energy demand of the engine accessories. 
Accessories Electric energy [%kWh] 
Water pump  2 
Oil pump  16 
Brake air compressor  2 
e-turbo  7 
Starter  2 
Steering pump  16 
AC compressor  33 
Other Accessories  23 
Total  100 
4.1. Results evaluated in the design point 
In the design point, the performance of the system taking into account all the approaches that has been explained 
up to now are shown in the following table 5: 
     Table 5. Energy balance at the design point. 
Device Electric energy [%kWh] 
TEG 11 
KER 109 
TBG 18 
Electric Energy Balance 37 
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4.2. Results evaluated over the driving cycle 
According to the proposal, the system is able to supply all the required electric energy to all the devices and 
guarantees a positive electric balance (as shown in table 6); this means a performance improvement from the fuel 
economy point of view. 
     Table 6. Energy balance over ACEA long haul driving cycle. 
Device Electric energy [%kWh] 
TEG 4 
KER 109 
TBG 44 
Electric Energy Balance 56 
5. Conclusion 
The model of the presented powertrain concept is going to be evolved according to the demands of the project in 
order to evaluate possible future solutions, alternatives and, as the definition of the different component will be 
fixed, it is going to be a totally operative platform in order to determine the mechanical and the electrical balance of 
the vehicle, the temperatures, the pressures and mass flows in the different parts of the system and able to estimate 
the fuel saving of the GASTONE system in comparison to the reference belt driven vehicle. 
Once each single device will be tested and its related model been validated on these results, the whole model – 
and its results – will be validated by a dedicated bench test experimental activity; in particular, the uncertainty about 
the efficiency of some equipment, which is currently estimated based on reasonable assumptions, will be reduced as 
the project advance and all the systems will be defined more precisely. 
The adopted cost per function approach will allow comparing the Baseline system with the GASTONE system 
highlighting the contribution of each component in order to achieve the most relevant functions/performances. 
In particular, with the developed tool, it is possible to properly identify the cost of the different technologies 
implemented in order to estimate the investments required to achieve a target and plan the future development of the 
vehicle taking into account not just the pure performance, but also the economic impact related to the introduction of 
a specific technology in a series production. 
